It is not known how the brain decides to act on moving objects. We demonstrated previously that neurons in the macaque supplementary eye field (SEF) reflect the rule of ocular baseball, a go/nogo task in which eye movements signal the rule-guided interpretation of the trajectory of a target. In ocular baseball, subjects must decide whether to pursue a moving spot target with an eye movement after discriminating whether the target will cross a distal, visible line segment. Here we identify cortical regions active during the ocular baseball task using event-related human functional magnetic resonance imaging (fMRI) and concurrent eye-movement monitoring. Task-related activity was observed in the SEF, the frontal eye field (FEF), the superior parietal lobule (SPL), and the right ventrolateral prefrontal cortex (VLPFC). The SPL and right VLPFC showed heightened activity only during ocular baseball, despite identical stimuli and oculomotor demands in the control task, implicating these areas in the decision process. Furthermore, the right VLPFC but not the SPL showed the greatest activation during the nogo decision trials. This suggests both a functional dissociation between these areas and a role for the right VLPFC in rule-guided inhibition of behavior. In the SEF and FEF, activity was similar for ocular baseball and a control eye-movement task. We propose that, although the SEF reflects the ocular baseball rule, both areas in humans are functionally closer to motor processing than the SPL and the right VLPFC. By recording population activity with fMRI during the ocular baseball task, we have revealed the cortical substrate of an oculomotor decision process.
Introduction
Imaging and electrophysiological studies have established that the middle temporal area (MT; or its human homolog, hMTϩ) is involved in determining the speed and direction of visual motion (Albright, 1984; Tootell et al., 1995; Huk et al., 2001; Perrone and Thiele, 2001; Martinez-Trujillo et al., 2005; Nover et al., 2005) . In tasks in which monkeys must discriminate the direction of a random-dot stimulus, the response of MT neurons both predicts and influences monkeys' choices (Britten et al., 1996) . However, MT is not the end point of motion processing. Motion discrimination studies have implicated a number of cortical regions that appear to process signals arising from MT. For example, neurons in the monkey lateral intraparietal lobe (LIP) also predict motion discrimination performance Newsome, 1996, 2001; Huk and Shadlen, 2005) . Furthermore, most real-world evaluations of moving objects require a range of cognitive functions beyond simple direction discrimination. The neural substrates of these functions have yet to be identified. For example, it is not known how the brain interprets trajectories in the context of a rule and decides on an appropriate action.
In this study, we examined the cortical areas linking motion discrimination to rule-guided action using a version of the "ocular baseball" paradigm (Kim and Heinen, 2001 ). In ocular baseball, subjects judge whether the extrapolated trajectory of a moving target will cross a distant visible line segment (the "strike zone"). If they decide it will, subjects follow the target with eye movements. If not, they must withhold eye movements and maintain fixation. We have shown previously that activity in the monkey supplementary eye field (SEF) reflects the ruleevaluation component of the decision process in this task (Kim et al., 2005; Yang et al., 2005) .
Based on this previous result, here we ask whether activity related to this task could also be found in human cortical eye fields. To answer this question, we used an event-related functional magnetic resonance imaging (fMRI) design that allowed us to measure population activity that is difficult with single-cell recording and also reveal for the first time other cortical areas involved in ocular baseball. We first determined the location of the SEF and frontal eye fields (FEFs) using a localizer task. Eventrelated scans were then performed with three conditions: "always-nogo," in which subjects maintained fixation on every trial; "always-go," in which they made eye movements to the target on every trial; and ocular baseball. Eye movements were measured in the scanner, and baseball trials were separated into two categories: "decided-nogo," in which subjects chose to maintain fixation; and "decided-go," in which subjects chose to make an ocular response.
In all subjects, consistent activity in ocular baseball relative to control conditions was observed in the FEF, SEF, bilateral superior parietal lobule (SPL), and right ventrolateral prefrontal cortex (VLPFC). In addition, in the right VLPFC but not in the SPL, activity was greater during decided-nogo trials than during decided-go trials. Our results suggest that these areas comprise a cortical pathway involved in rule-based oculomotor decision making.
Materials and Methods
Subjects. Subjects were six individuals: three right-handed males (subjects JB, RM, SY), two right-handed females (subjects AV, CI), and one left-handed female (subject NT). The subjects' ages ranged from 20 to 37 years. Protocols were approved by both the Stanford and the SmithKettlewell Eye Research Institute Review Boards, and informed consent was obtained from all subjects.
Data acquisition. Functional data were collected on a 3T GE Signa fMRI scanner (GE Healthcare, Waukesha, WI) using a single-shot spiral K-space sampling trajectory (Noll et al., 1995) . Whole-head data were acquired in 30 axial slices with an inplane resolution of 3.1 ϫ 3.1 mm, a slice thickness of 4 mm, and a repetition time of 2 s. Eye movements were recorded during all scan sessions using custom video-based EyeTracker hardware linked to a commercial analysis package (Viewpoint; Arrington Research, Scottsdale, AZ). Eye-movement traces had a temporal resolution of 30 Hz and a measured spatial accuracy of better than 0.25°. Stimuli were presented using a liquid crystal display-based projector system combined with a long-throw lens to place an image on a ground-glass screen mounted on the headcoil that the subjects viewed through a mirror. The optical distance to the screen was 24 cm, and the effective field of view of the display was 24 ϫ 20°in diameter. The entire display system was calibrated photometrically using a photospectrometer (Ocean Optics, Dummelin, FL) and temporally using a photodiode connected to an oscilloscope. All stimuli generated were within display tolerances of the system. Stimuli were generated on a Macintosh Powerbook under OS9 using the Psychophysics toolbox (Brainard, 1997; Pelli, 1997) and Matlab (MathWorks, Natick, MA).
Experimental design. Scanning sessions began with the eye-field localizer experiment, which consisted of alternating 18 s blocks of fixation and 18 s blocks of saccades. During movement blocks, subjects made selfpaced saccades from a central fixation point to a 10°eccentric location. During control blocks, they fixated on the central target. Six cycles were repeated for the duration of the scan.
For the main experiment, an event-related fMRI paradigm was used to determine activity in three conditions: always-nogo, always-go, and ocular baseball. Trials for each condition were balanced and randomly ordered for the duration of each scan. The total number of trials per scan was 40. A 9 s pause was inserted between the beginning of the scan and the onset of stimuli so that the magnetic field could reach equilibrium. Total scan length was 289 s. All subjects completed eight scans during one session, except subject SY, who completed a total of nine scans in one session.
On each trial, subjects were asked to focus on a blue [Commission Internationale de l'Eclairage (CIE) coordinates 12.9, 0.201, 0.155] central fixation point (Fig. 1) . The duration of this fixation point was jittered to improve the power of the blood oxygenation level-dependent (BOLD) analysis (Dale, 1999; Liu et al., 2001) . The amount of jitter was chosen on each trial randomly from a uniform distribution of values between 0.54 and 3.46 s, with an average of 2 s. After the fixation period, the fixation point would change color for 1 s to indicate the task to be performed: green (CIE coordinates 8.57, 0.285, 0.403) indicated an always-go trial; red (CIE coordinates 13.8, 0.368, 0.310) indicated an always-nogo trial; and white (CIE coordinates 22.1, 0.281, 0.304) indicated ocular baseball. Except for this brief change of fixation color, stimuli in all conditions were identical.
After the 1 s preparatory phase, the fixation point turned blue again, and a target spot began to move away from the central fixation point at an average speed of 1.75°/s. Noise was added to the target spot trajectory to make the task more difficult and to force the subjects to integrate motion information over the entire target presentation duration, by wobbling both x and y target positions randomly between the range of ϩ3 and Ϫ3 pixels (approximately ϩ3 to Ϫ3 arcmin) per frame. On each trial, a strike zone, defined by a 2°line oriented perpendicular to a virtual line that would bisect it and intersect the fixation point ( Fig. 1) , appeared in a pseudorandom location 10°eccentric from the fixation point.
Subjects were instructed to maintain fixation during all trials until the fixation point changed to green after 3 s of stimulus presentation. This was the cue for subjects to respond. On ocular baseball trials, subjects had to decide whether the trajectory of the target would cross the strike zone or not. Subjects were instructed to respond with an eye movement to the target if they thought it would cross the strike zone (decided-go trials). If they thought it would miss the strike zone, they were instructed to maintain fixation for the duration of the trial (decided-nogo trials). In control tasks, subjects were instructed to either maintain fixation for the duration of the trial in the always-nogo condition (mimicking the motor behavior of a decided-nogo trial) or to follow the target with an eye movement in the always-go condition (mimicking the motor behavior of a decided-go trial). The fixation point remained green for 1 s until the trial was finished. The target only ever reached 7°eccentricity and therefore never reached the strike zone, forcing subjects to make their decision based on an extrapolated trajectory.
We analyzed eye movements to ensure that subjects were performing the ocular baseball task and to further separate ocular baseball trials into the decided-go and decided-nogo conditions. Figure 2 shows representative decided-go and decided-nogo trials for subject SY. In these trials, he either followed the target with an eye movement (Fig. 2a) or maintained fixation (Fig. 2b) .
Data analysis. Eye records were analyzed using Matlab to determine that subjects had performed the task, and also to distinguish their responses in ocular baseball. Saccades during the response phase were identified automatically by detecting points in the eye trace where eye position changed by Ͼ2°in a single 33 ms sampling period. Although, in theory, we could not have detected rapid refixation saccades that occurred entirely within the 33 ms sampling period (leaving the fixation position unchanged), other experiments conducted with the same eyetracking system running at 60 Hz identified no such events. Eye traces were manually rechecked by an expert operator to ensure the accuracy of the saccade-detection routine. If fixation remained unchanged during the response phase, the trial was labeled decided-nogo (Fig. 2) .
Imaging data were analyzed using the Stanford VISTASOFT package Figure 1 . a, Baseball configuration, showing eight possible strike-zone locations, bluish fixation, and target moving from the center toward the strike zone (trajectory indicated by arrow, not part of stimulus display). b, Subjects fixate on a blue central fixation point between 0.54 and 3.46 s. The fixation point then changes color and increases in size for 1 s to inform the subject of the task to be performed. Green, Always-go; red, always-nogo; white, ocular baseball. Next, the fixation point returns to its original size and color, and a target begins to move away from this central fixation point at an average speed of 1.75°/s (see Materials and Methods). A strike zone appears in a pseudorandomly determined location 10°from the fixation point. Subjects were instructed to maintain fixation during this phase for all trial types. Three seconds after stimulus onset, a green response cue at fixation appears, informing subjects to respond. Subjects then continue to fixate or pursue for the remainder of the trial (1 s). The target never crosses the strike zone, reaching only 7°eccentricity from the fixation point.
(http://white.stanford.edu/software/) running under Matlab 7.0. For each session, anatomical T1-weighted scans were performed in the same location as the functional data. These anatomical "inplanes" were coregistered with a high-resolution structural anatomy scan acquired in a separate session using a magnetization-prepared rapid acquisition gradient echo sequence to optimize gray/white matter contrast. The resulting registration transform was applied to the functional data and statistical maps so that these could be analyzed in a standard reference frame. The reference points for the Talairach transform were then specified in this standard reference frame, and the Talairach coordinates for any point in this frame could therefore be computed. High-resolution anatomical images. The high-resolution structural images were acquired at a resolution of 1.2 ϫ 0.9 ϫ 0.9 mm. Our standard procedure is to acquire three high-resolution data sets in different orientations. Each dataset is preprocessed using the FSL toolbox to remove global gradients in intensity and resampled using a sinc interpolation to a 1 ϫ 1 ϫ 1 mm isotropic voxel size. The three datasets are then averaged together to improve the image quality. Anatomical datasets are segmented using a semiautomatic procedure. An estimate of the white-matter volume for each subject is first made automatically using a maximum-likelihood procedure that accounts for three-dimensional topology. This segmentation is then refined by an expert human operator to remove topological defects ("handles") in the volume. The surface of the white matter can then be rendered as a mesh, and the location of the gray matter can be inferred. Full details of this procedure are described by Teo et al. (1997) and Wandell et al. (2000) .
The purpose of the high-resolution anatomical datasets is threefold. Most importantly, it provides a standard reference frame to which many functional scans can be aligned. This allows us to compare activation in individual subjects across scanning sessions. Second, by localizing the cortical gray matter, we can restrict our analysis to a small subset of the voxels in the dataset (those that intersect the gray matter). This simplifies and improves our functional analysis. Third, the two-dimensional representation of the cortical surface allows us to render functional activity in three dimensions to assist the data visualization. Anatomical inplanes. During each functional imaging session, we acquire anatomical inplanes in the same locations as the functional data. These anatomical images are T1-weighted spoiled gradient-recalled acquisition in a steady state with a resolution of ϳ1.5 ϫ 1.5 ϫ 4.0 mm and the same field of view as the subsequent functional datasets. The purpose of the inplane images is to simplify the registration of the functional data to the high-resolution anatomical datasets (see above). Coregistration of two T1-weighted datasets is easier than registering a T2* dataset to a T1-weighted set because T1-weighted datasets have higher resolution, and their tissue intensities are the same.
Functional data analysis
For the block-design localizer experiments, the coherence of the response with a reference sine wave was computed. This is a robust and conservative measure of the correspondence between the actual BOLD signal response and the approximately harmonic waveform generated by convolving the block-design stimulus matrix with a realistic hemodynamic response function. It is equivalent to a voxel-by-voxel computation of the power at the stimulus frequency divided by the total power (Engel et al., 1997; Press et al., 2001) . For these scans, a coherence threshold of 0.4 corresponds to a p value of Ͻ0.001 (Bandettini et al., 1993) .
Our event-related analysis methods are similar to those described by Grill-Spector et al. (2006) . Event-related analyses, including application of general linear models (GLMs) and hypothesis tests to generate contrast maps, were performed using the VISTASOFT event-related fMRI analysis toolbox as outlined by Dale and Buckner (1997) and Burock and Dale (2000) . This package implements a standard GLM to estimate the average BOLD response to each event type using a least-squares fitting procedure. Mathematically, this is similar to averaging sections of the time series in a stimulus-locked manner. A baseline estimate from each prestimulus epoch and the cortical response to each stimulus type were then defined as the mean amplitude of the BOLD response during a 6 s window beginning 3 s after the stimulus onset.
The group analysis was performed using SPM99 in a standard manner. Functional data from each subject was convolved using a threedimensional Gaussian kernel (full-width at half-maximum ϭ 8 ϫ 8 ϫ 8 mm). Statistical significance was set to p Ͻ 0.001 with a cluster size of Ͼ10 voxels.
Results
We first performed a block-design localizer scan to define regions of interest (ROIs) for the frontal cortical eye fields (the SEF and FEF). The SEF and FEF could be localized in five of the six subjects in regions consistent with previous imaging studies (Grosbas et al., 1999; Petit and Haxby, 1999; Koyama et al., 2004; Connolly et al., 2005) (Fig. 3; Table 1 ). The sixth subject (CI, a right-handed subject) did not show activity in the localizer task that could be clearly attributed to either the SEF or FEF and was removed from additional analysis of the eye fields.
In the event-related experiment, the SEF and FEF, as defined by the localizer, were significantly active in most experimental conditions except the always-nogo condition, based on a comparison of BOLD response amplitude during the task ( p Ͻ 0.05, one-tailed t test) (Fig. 4) . The only exception was that the always-go condition only reached marginal significance in the FEF ( p ϭ 0.059). Although significant activity in the eye fields may be unsurprising for tasks involving eye movements (the decided-go and always-go conditions), we noted that activity in the decided-nogo condition was also significantly greater than baseline in both the SEF and FEF ( p Ͻ 0.05, one-tailed t test) (Fig.  4) , despite identical motor behavior as in the nonsignificant always-nogo condition.
We also analyzed imaging data outside of these eye field ROIs to determine which other areas cooperate with the cortical eye fields during performance in ocular baseball. Because each base- ball condition (decided-go and decided-nogo) and its corresponding control (always-go and always-nogo, respectively) involve the same perceptual and motor elements, and vary only according to their cognitive demands, a comparison of each baseball condition with its control should yield activated regions involved in baseball task-related processing.
We first analyzed data for individual subjects. The average BOLD signal amplitude was calculated for each condition based on a GLM applied to event-related whole-brain activity for each subject. We then compared individual subjects' whole-brain activity in the always-nogo or always-go conditions with activity in the corresponding ocular baseball conditions (decided-nogo and decided-go, respectively) by generating whole-brain contrast maps indicating statistical differences between the two conditions being compared. Consistently higher baseball-related activation was found for all subjects in the SPL [approximately Brodmann's area (BA) 7] and right VLPFC ( p Ͻ 0.01). Activity in the VLPFC for individual subjects was found at the intersection of the right inferior frontal gyrus and insula and covered parts of Brodmann's areas BA47 and BA13. The Talairach coordinates for each subject's ROIs for these regions are listed in Table 2 . We then plotted the mean amplitude of each condition for each subject in these regions (Fig. 5a,b) .
The individual subject analysis also allowed us to detect more subtle differences in the dynamic characteristics of these regions. Activity from the right VLPFC and the SPL (Fig. 5a,b) were averaged across subjects, showing that the mean amplitude difference between decided-nogo and decided-go was significant in the right VLPFC ( p Ͻ 0.01, two-tailed t test) but not in the SPL ( p ϭ 0.4177, two-tailed t test). The difference between activity in each baseball condition and their respective control conditions was significant for both areas ( p Ͻ 0.002 for all comparisons, twotailed t test). Interestingly, the SPL showed reduced activity in the always-nogo condition compared with the baseline, whereas the right VLPFC did not.
Individual measurements obtained from the SEF and FEF (Fig. 5c,d ) reveal heightened activity in all conditions except always-nogo, although not as markedly or as consistently as significant responses from the right VLPFC or SPL (Fig. 5) . Also note that, whereas the SEF and FEF show significant activity for the always-go condition ( p Ͻ 0.05) (Figs. 4, 5c,d ), the right VLPFC and SPL do not (Fig. 5a,b) .
Whole-brain group averaging was then performed to further quantify the activity seen in the different conditions. When con- trasting activity in the always-nogo and decided-nogo conditions, group averaging revealed three strong loci of activity in the decided-nogo condition: a parietal locus covering the bilateral SPL, right VLPFC, and right frontolateral cortex BA6 ( p Ͻ 0.001; extent threshold ϭ 10 voxels) (Fig. 6 ). All sites were consistent with results from the individual subject analysis. The result from BA6 overlaps individual subjects' ROIs for the FEF and probably represents the heightened FEF activity found for the group ROI analysis. The SEF, however, was not found in this analysis. This is not surprising, considering the small size and variable location of individual SEFs (Grosbas et al., 1999) . As in the individual subject analysis, VLPFC activity was specific to the intersection of the right inferior frontal gyrus and insula. Although SPL was activated bilaterally, the right-hemisphere locus reached a greater level of significance and had a broader activation than the left (Fig. 6) . A group comparison between activity in the decided-go and always-go conditions should reflect differential activity related to processing components of the baseball task. When comparing the group average for the decided-go condition versus the always-go condition, the right VLPFC again showed significant activation ( p Ͻ 0.001; extent threshold ϭ 10 voxels), whereas the SPL was slightly below statistical threshold ( p Ͻ 0.005; extent threshold ϭ 10 voxels). No other areas showed significant or near-threshold activation. The fact that the two group comparisons yielded similar activated regions suggests that the decided-go/always-go contrast was merely a less powerful comparison than the decidednogo/always-nogo contrast.
To force subjects to concentrate on the task, ocular baseball difficulty was set to a level such that subjects performed between 63 and 81% correct in the scanner. To investigate the possibility that error trials resulted in a different pattern of activation, we analyzed errors during ocular baseball. Baseball trials were categorized into post hoc conditions "decided-go error" (in which subjects decided to go when the target trajectory would not have hit the strike zone) and "decided-nogo error" (in which subjects decided not to go when the target trajectory would have hit the strike zone). We likewise grouped the correctly performed trials into "correct decided-go" and "correct decided-nogo" conditions. We then compared the mean amplitude of the BOLD signal for each error condition to the mean amplitude of the respective correct condition for each subject in the SPL, FEF, and SEF, and right VLPFC. This analysis showed no systematic differences for error trials compared with correct trials within each condition.
Discussion
It is known that tasks involving visuospatial attention and saccade planning activate a network of frontoparietal areas (Muri, 2005) . We have isolated the FEF, SEF, SPL, and right VLPFC as cortical regions active during performance of an ocular baseball task. As expected, activity in the SEF and FEF was greater during both baseball and always-go trials than during always-nogo trials, consistent with the role that these areas play in saccade planning and execution. However, the SPL and right VLPFC were more active in baseball trials than either the always-go or always-nogo control conditions. This is likely attributable to cognitive taskrelated processing, because the control trials and the baseball trials were conducted with identical stimuli and required identical behavioral responses. Finally, in the right VLPFC, but not the SPL, activity was greatest during baseball trials involving active eye movement inhibition. Heightened activity observed in the SEF during the baseball task is consistent with previous single-cell recording results from monkeys showing that SEF neurons reflect the trajectory of an ocular baseball target in the context of the task rule (Kim et al., 2005) . Together, these results suggest that monkey and human SEF have similar functions during this task, and that human SEF could be either involved directly in making the decision to pursue the target or merely reflects the decision as it is converted to action. Although our results cannot discriminate between these alternatives, the SEF was also active in the always-go condition, evidence that it is minimally involved in some aspect of movement preparation or execution. Additional support for this comes from the localizer that defined this area as saccade related and from work describing saccadic and smooth-pursuit neurons in monkey SEF (Schlag and Schlag-Rey, 1987; Heinen, 1995) . A large body of fMRI and TMS data also implicates the SEF in saccade preparation (Pierrot-Deseilligny et al., 2004) .
Significant activation for the decided-nogo condition within the SEF is surprising, because the motor behavior (fixation) was the same as in the nonsignificant always-nogo condition. Even assuming fixation neurons exist in human SEF as they do in monkey SEF (Schlag et al., 1992; Park et al., 2006) , it is puzzling that activity during the decided-nogo condition was greater than activity during passive fixation in the always-nogo condition. One possibility is that SEF neurons in humans are involved in actively suppressing ocular behavior, as reported in monkeys during antisaccade generation (Amador et al., 2004) or during go/nogo tasks (Mann et al., 1988) . Such neurons might be active during the decided-nogo condition but not the always-nogo condition. Another possibility is that there are "preparatory set" neurons in human SEF like those found in monkey SEF that are active before planned movement even when the movement is withheld (Schall, 1991a) .
Heightened FEF activity during ocular baseball suggests that this structure is also involved in cognitive aspects of baseball. Although activity during the decided-go condition might represent movement neurons that are known to exist in monkeys (Bruce and Goldberg, 1985; Gottlieb et al., 1994; Tanaka and Lisberger, 2002) , we also observed greater FEF activation for the decided-nogo condition. Even if simple fixation neurons existed in human FEF as they do in monkeys (Hanes et al., 1998) , it would not explain our finding, because subjects also fixated during the nonactivated always-nogo condition. However, like the SEF, the FEF has been implicated in the suppression of voluntary eye movements. Neurons in monkey FEF are active during countermanding (Hanes et al., 1998) . Human lesion studies have also implicated this area in antisaccade generation (Guitton et al., 1985) . Preparatory set neurons, as found in monkey FEF (Schall, 1991b) , could also account for this higher activity, because functional imaging has implicated human FEF in the preparatory set (DeSouza et al., 2003; Connolly et al., 2005) .
Unlike the SEF and FEF, the SPL was more active during ocular baseball than it was during the always-go or the always-nogo conditions, suggesting a cognitive role for this structure. One possible function of the SPL in ocular baseball is that it extrapolates the trajectory of the target to determine whether it will cross the strike zone, a function necessary for the decision process. Supporting this is evidence from fMRI work suggesting this area in humans is the analog to monkey LIP (Koyama et al., 2004) . Although area MT determines the speed and direction of motion (Albright, 1984; Nover et al., 2005) , neurons in monkey LIP are thought to take information from MT and integrate motion signals over time for directional decision making (Huk and Shadlen, 2005) . This type of computation could enable human SPL, as a putative homolog to monkey LIP, to calculate and extrapolate the trajectory of a target. Other imaging studies support a role for SPL in ocular baseball by suggesting that human posterior parietal cortex as a whole is involved in spatial imagery (Formisano et al., 2002; Gauthier et al., 2002) , spatial attention (Schluppeck et al., 2005) , and attentional tracking of motion trajectories (Culham et al., 1998) .
Surprisingly, SPL activity during the always-nogo condition was reduced below baseline (Fig. 5) . It is possible subjects were ignoring visual input altogether in this condition, to remove the temptation to execute erroneous saccades. We hypothesize that this reduction in SPL activity reflects active inhibition of neural firing in this region. Such a reduction in baseline neural firing has previously been shown to reduce the BOLD signal (Shmuel et al., 2006) . In our study, the right VLPFC, like the SPL, was more active for baseball than either control condition, but the right VLPFC, unlike the SPL, showed higher activity for decided-nogo trials than for decided-go trials. This finding is consistent with several imaging studies that have implicated the right inferior prefrontal cortex (PFC), in which the VLPFC resides, as a locus of an inhibitory mechanism in go/no-go tasks (Garavan et al., 1999; Konishi et al., 1999; Menon et al., 2001; Rubia et al., 2003) . Furthermore, patients with lesions that overlap the right VLPFC show deficits in performance on countermanding tasks, which require inhibition of planned movement (Aron et al., 2003) . However, the right VLPFC does not appear to be simply an inhibitory, nogo structure because this area was also active during the decided-go condition in our study. In a wide range of tasks and measures, the human right VLPFC is also active in rule processing (Bunge, 2004) . Neurophysiological studies in monkeys (Miller, 2000) and research in humans (Baddeley and Della Sala, 1998) suggests that PFC is a key structure for cognitive control and rule encoding. Because ocular baseball is a rule-based go/nogo task, our results provide a bridge between the work, suggesting that the right VLPFC is related to suppressing movement and that PFC is involved in rule encoding. Our results also indicate that suppressing behavior under rule-guided situations might require greater cortical activity than does allowing eye movements to occur.
We propose that the right VLPFC receives trajectory-related information from cortical areas that process motion and visuospatial attention, such as hMTϩ and the SPL. It is the PFC that then decides whether or not to generate a response based on the ocular baseball rule. Processed information from the right VLPFC is then relayed to the FEF and SEF to generate appropriate eye movements. The PFC has connections to the SEF through the premotor cortex (Wallis and Miller, 2003) , and the SEF has strong reciprocal connections with the FEF (Huerta and Kaas, 1990; Barbas and Pandya, 1991) . Additional evidence for a func- Figure 6 . Group average of whole-brain activity indicating regions where activity is greater in the decided-nogo condition than the always-nogo condition. Functional activity is superimposed on T1 structural images in axial slices, from z ϭ Ϫ8 to z ϭ 64, spaced 8 mm apart. The color bar represents t values thresholded at p Ͻ 0.001, and the extent threshold ϭ 10 voxels. Group average reveals activity in the bilateral SPL (the two parietal loci), right VLPFC (the inferior frontal loci), and right BA6 (the superior frontal loci). R-L, Right-left. tional relationship between the PFC and the SEF comes from our previous work in which single neurons were recorded from the SEF of monkeys during ocular baseball (Kim et al., 2005) . In that study, some neurons were active during eye movements. However, well before the movement began, other neurons reflected the task rule (i.e., whether the trajectory of the target would cross the strike zone or not). Therefore, the right VLPFC may form the decision in the context of the rule, and a conversion between the decision and the movement preparation and execution might begin in the SEF.
Our findings of increased baseball activity in the right VLPFC, SPL, FEF, and SEF cannot simply be attributable to global arousal or attention because no areas outside of these showed significant activation for the baseball conditions. Furthermore, higher activity occurred in the right VLPFC for the decided-nogo condition compared with the decided-go condition, a difference we did not observe in the SPL or any other area. If this differential activity in the right VLPFC were caused by general arousal or attention (e.g., if the no-go trials were simply more difficult), then we might have expected to see increased activity in other ROIs, which did not occur.
In conclusion, the FEF, SEF, SPL, and right VLPFC all showed activity specific to ocular baseball. Because our control conditions contained identical stimuli, and placed the same motor demands on observers as ocular baseball, these regions appear to be more involved in the process of making an oculomotor decision than in the sensory or motor components of the task.
